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A B S T R A C T
An experimental work on reinforced concrete (RC) rectangular beams strengthened in shear with textile re-
inforced mortar (TRM) jackets is presented in this paper, with focus on the following investigated parameters: (a)
the amount of external TRM reinforcement ratio, ρf, by means of using diﬀerent number of textile layers and
diﬀerent types of textile ﬁbre materials (carbon, glass, basalt); (b) the textile geometry, and (c) the shear span-to-
depth ratio, a/d. In total, 22 tests were conducted on simply supported rectangular RC beams under (three-point
bending) monotonic loading. The experimental results revealed that: (1) TRM is very eﬀective when the failure is
attributed to debonding of the TRM jacket from the concrete substrate; (2) the trend of eﬀective strains for
carbon, glass and basalt TRM jackets is descending for increasing values of the TRM reinforcement ratio, ρf, when
failure is associated to debonding of the jacket; (3) the eﬀect of textile geometry is signiﬁcant only for low values
of ρf, resulting in variances in the capacity enhancement and the failure modes, and (4) the shear span-to-depth
ratio has practically no eﬀect to the failure mode nor to the TRM jacket contribution to the total shear resistance
of the RC beams.
1. Introduction and background
Over the last decades, there is an increasing need to upgrade many
of the existing RC structures both in seismic and non-seismic areas
mainly due to their ageing, lack of maintenance, deterioration, and
environmental induced degradation.
A composite material called textile-reinforced mortar (TRM) has
been introduced since last decade, for structural strengthening of ex-
isting structures [1,2]. TRM consists of textile ﬁbre reinforcement (with
open-mesh conﬁguration) combined with inorganic matrices (i.e. ce-
mentitious mortars). The acronym ‘FRCM’ is also used in the literature
for the same material [3]. TRM is a low-cost, resistant at high tem-
perature [4–6], compatible to masonry or concrete substrates and
friendly for manual workers material, which can be applied at low
temperatures or on wet surfaces. Therefore, the use of TRM is becoming
more attractive for the retroﬁtting of existing concrete or masonry
structures than ﬁber-reinforced polymers (FRP) which have been
widely used but haves some drawbacks (i.e. high prices, inapplicability
at low temperatures or wet surfaces, combustibility that could boost ﬁre
spreading and generally very poor performance at high temperature)
due to the epoxy resins used in these composites. Bond between TRM or
FRCM and concrete substrates has been widely studied in the last
decade [i.e. 5, 7–8]. TRM has also been studied for ﬂexural strength-
ening [i.e. 9–14], torsional strengthening [15], conﬁnement, seismic
retroﬁtting of RC elements [16–19], repairing of corroded T-beams
[20], strengthening of masonry elements [21–26] has been found to be
a very promising solution. Examples of real applications of TRM system
are presented in Ref. [27]. A variety of studies on TRM have been
published the last year (2017), indicating that TRM is on the spotlight
of recent research [28–41].
The assessment of existing RC structures with the existing standards
(i.e. Eurocodes) often results in shear deﬁcient beams or bridge girders
due to corrosion of the shear links, low concrete strength or/and in-
creased applied loads. A number of studies have investigated the use of
TRM jacketing for shear strengthening of RC beams [1,42–53]. In these
studies the main investigated parameters were the performance of TRM
versus FRP jackets [1,46,48,52,53], the number of layers
[1,42,44,46,48,51,52], the strengthening conﬁguration [45,48], the
anchorage of TRM U-shaped jackets in T-beams [22,44,52] and the
amount of internal shear reinforcement [53].
In particular, Tzoura and Triantaﬁllou [46] reported that FRP
jackets (that failed due to debonding of the jacket) were much more
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eﬀective than their counterparts TRM jackets which failed due to slip-
page of ﬁbres through the mortar. In contrast, Tetta et al. [48], Tetta
et al. [52] and Awani et al. [53] concluded that TRM U-shaped jackets
are practically as eﬀective as equivalent FRP U-shaped jackets due to
the common failure mode which was debonding of the jacket from the
concrete substrate. Shear capacity is considerably increased by in-
creasing the number of layers [46,48,52,53]. Azam and Soudki [45]
reported that the strengthening conﬁguration, namely side-bonded or
U-shaped jackets did not aﬀect the performance of TRM jacketing,
whereas Tetta et al. [48] concluded that side-bonded jackets are much
less eﬀective than U-shaped jackets in increasing the shear resistance of
concrete beams. Bruckner et al. [44] and Tzoura and Triantaﬁllou [46]
investigated the use of mechanical end-anchorage system in shear
strengthening of T-beams with carbon or glass U-shaped TRM jackets,
concluding that the early debonding of the TRM jacketing can be de-
layed using metallic anchors and therefore the eﬀectiveness of the TRM
jackets can be considerably improved. However, metallic anchors are
susceptible to corrosion and their use is often related with tearing of the
composite materials due to concentration of stresses. Therefore, Tetta
et al. [52] very recently applied a novel end-anchorage system in U-
shaped jackets using textile-based anchors and increased substantially
the eﬀectiveness of TRM jackets. Also very recently, Awani et al. [53]
reported that the gain in shear capacity decreased with the increase in
the amount of stirrups. In one of the latest studies, Tetta and Bournas
[4] compared TRM with FRP jackets for strengthening in shear concrete
beams subjected to high temperature. They concluded that both two-
sided and U-shaped TRM jackets are considerably more eﬀective than
their counterparts FRP jackets when specimens are exposed to high
temperature (100 °C and 150 °C).
The past studies on shear strengthening of concrete beams with
TRM led to interesting conclusions about the eﬀectiveness of the
technique, however from the literature review presented above, it is
clear that the use of TRM for shear strengthening of concrete beams has
not been suﬃciently investigated yet. This study presents for the ﬁrst
time in a systematic way the eﬀect of the external reinforcement ratio
(ρf) in three diﬀerent textile materials, namely carbon, glass and basalt
investigating at least three diﬀerent values of external reinforcement
ratio (ρf) for each textile material. Moreover, this study investigates for
the very ﬁrst time the eﬀect of the shear span-to-depth ratio, a/d (a/
d = 1.6, 2.6 and 3.6) on concrete beams strengthened in shear with U-
shaped TRM jackets. The following sections provide all the details.
2. Experimental program
2.1. Specimens and experimental parameters
A total of 22 RC beams (102 × 203 mm) were constructed and
tested as simply supported under three-point bending monotonic load.
Specimens had total length and eﬀective ﬂexural span equal to
1677 mm and 1077 mm, respectively (Fig. 1a). Three diﬀerent shear
span-to-depth ratios, namely a/d = 1.6, 2.6 and 3.6 were studied. The
beams were intentionally designed as shear deﬁcient in one of the two
shear spans. Therefore, one shear span did not include any stirrups,
whereas the other shear span included stirrups of 8 mm diameter at a
spacing of 100 mm, 75 mm and 50 mm at the beams of shear span ratio,
a/d equal to 1.6, 2.6 and 3.6, respectively (Fig. 1a).
TRM jacketing was applied at the shear span without stirrups, in
order to increase its shear capacity. The beams were designed such the
shear force corresponding to the ﬂexural resistance of the beams were 3
times the shear capacity of the unretroﬁtted beam. Two deformed bars
of 16 and 10 mm diameter, respectively, were used as tensile and
compressive longitudinal reinforcement of the beams, as shown in
Fig. 1b. The tensile reinforcement ratio was 2.2% and the eﬀective
depth of the beams was equal to 177 mm. The main experimental
parameters in this paper are:
(a) the eﬀect of the amount of external TRM reinforcement ratio, ρf,
using diﬀerent textile materials (carbon, glass and basalt)
(b) the textile geometry
(c) the shear span-to-depth ratio, a/d.
Three beams with shear span-to-depth ratios equal to 1.6 (CON_1.6),
2.6 (CON) and 3.6 (CON_3.6) were used as control specimens and
tested, whereas the rest of the specimens were strengthened by U-
shaped TRM jackets. Four diﬀerent textile grids were used, two carbon
(a light and a heavy-weight carbon textile), a glass and a basalt ﬁbre
textile.
The details of the specimens are presented in Table 1. Fig. 2 depicts
all the strengthening schemes adopted in retroﬁtted specimens. The
notation of strengthened specimens is Y1L1_Y2L2, where Y1 and Y2
denote the ﬁrst and second (if any) textile reinforcement, respectively,
and L1, L2 denote the number of TRM layers of the ﬁrst and second (if
any) textile reinforcement (CL for light-weight carbon, CH for heavy-
weight carbon, G for glass and B for basalt), respectively. The suﬃx
‘strips’ was used for specimen strengthened with strips that were
combined with continuous TRM layer. For beams with a/d diﬀerent
than 2.6, a suﬃx with the shear span-to-depth ratio (1.6 or 3.6) was
used. The description of the retroﬁtted beams follows:
• CL1 and CL3: beams with a/d= 2.6, strengthened with 1 and 3 light
carbon TRM layers, respectively.
• CH1_CL1, CH2_CL1 and CH3_CL1: beams with a/d = 2.6, that
strengthened with 1 light carbon TRM layer combined with 1, 2 and
3 heavy-weight carbon TRM layers, respectively.
• CL1_strips: beam with a/d = 2.6, that strengthened with 1 light
carbon TRM layer combined with light carbon strips of 125 mm
width, as shown in Fig. 2.
• G1, G3 and G7: beams with a/d= 2.6, strengthened with 1, 3 and 7
glass TRM layers, respectively.
• B1, B3 and B7: beams with a/d = 2.6, strengthened with 1, 3 and 7
basalt TRM layers, respectively.
• CL1_1.6 and CL3_1.6: beams with a/d = 1.6, strengthened with 1
and 3 light carbon TRM layers, respectively.
• CL1_3.6 and CL3_3.6: beams with a/d = 3.6, strengthened with 1
and 3 light carbon TRM layers, respectively.
2.2. Materials and strengthening procedure
Casting of specimens was made by using the same concrete. The
concrete compressive strength and the concrete tensile splitting
strength were obtained by testing concrete cylinders (300 × 150 mm)
on the day of testing the beams. Table 1 summarizes the (average of 3
specimens) concrete strength values. The yield stress (average of 3
specimens) of longitudinal bars with 16 and 10 mm diameter was equal
to 547 MPa and 552 MPa, respectively, whereas the yield stress of the
steel bars with 8 mm diameter used for stirrups, was equal to 568 MPa.
The four textile grid materials used in this study have equal amount
of ﬁbres in two orthogonal directions. The weight of the light carbon,
heavy carbon and glass textiles was equal to 220 g/m2, 348 g/m2 and
220 g/m2, respectively, whereas the weight of basalt textile including
10% coating was 220 g/m2. The nominal thickness, tf (based on the
equivalent smeared distribution of ﬁbres) of the light carbon, heavy
carbon, glass and basalt textile was 0.062 mm, 0.095 mm, 0.044 mm
and 0.037 mm, respectively as shown in Fig. 3. The modulus of elas-
ticity of the ﬁbres, Ef, for each textile, is included in both Fig. 3 and
Table 1.
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Fig. 1. (a) Schematic test set-up; (b) cross-section (dimensions in mm).
Table 1
Strengthening conﬁguration and material properties of all specimens.
Specimen ρf (‰) Ef (GPa) Ef_TRM (GPa) ρf Ef_TRM (MPa) Concrete strength (MPa) Mortar strength (MPa)
Compressive strength Tensile splitting strength Compressive strength Flexural strength
a/d = 2.6
CONa – – – 21.6 2.36 – –
CL1 1.2 225 167.6 203.75 23.0 2.50 38.7 9.10
CL1_strips 1.9 225 167.6 312.20 20.0 1.98 38.7 9.10
CH1a 1.9 225 163.3 304.19 23.8 2.73 31.1 10.3
CH1_CL1c 3.1 225 165.5 507.94 20.0 1.98 38.7 9.10
CH2a 3.7 225 163.3 608.37 23.8 2.73 31.1 10.3
CL3b 3.6 225 167.6 611.25 20.8 2.39 35.5 8.10
CH2_CL1c 4.9 225 164.7 812.12 20.0 1.98 38.7 9.10
CH3a 5.6 225 163.3 912.56 22.6 2.81 26.9 8.64
CH3_CL1c 6.8 225 164.4 1116.31 20.0 1.98 38.7 9.10
G1 0.9 74 41.1 35.46 20.0 1.98 35.5 8.10
G3 2.6 74 41.1 106.38 20.0 1.98 35.5 8.10
G7b 6.0 74 41.1 248.21 20.0 1.98 38.7 9.10
B1 0.7 89 63.7 46.34 23.1 2.48 33.3 11.05
B3 2.2 89 63.7 139.02 23.1 2.48 35.5 8.10
B7 5.1 89 63.7 324.37 23.1 2.48 35.5 8.10
a/d = 1.6
CON_1.6 – – – 20.5 2.35 – –
CL1_1.6 1.2 225 167.6 203.75 22.6 1.95 33.3 11.05
CL3_1.6 3.6 225 167.6 611.25 22.6 1.95 33.3 11.05
a/d = 3.6
CON_3.6 – – – 20.5 2.35 – –
CL1_3.6 1.2 225 167.6 203.75 22.6 1.95 33.3 11.05
CL3_3.6 3.6 225 167.6 611.25 22.6 1.95 33.3 11.05
a Specimens included in Tetta et al. 2015 [28].
b Specimens included in Tetta and Bournas 2016 [4].
c ρf Ef_TRM = ρf_CH Ef_TRM_CH + ρf_CL Ef_TRM_CL.
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A polymer-modiﬁed cementitious mortar was used as matrix of the
TRM composite material which was the same for all four textile mate-
rials. The cement-to-polymers ratio was equal to 8:1, whereas the
water-to-cement ratio was equal to 0.23. The strength properties
(average values of 3 specimens) of the mortar experimentally obtained
through prisms on the day of testing according to the EN 1015-11 [54]
are summarized in Table 1.
As shown in Fig. 4a, before the application of TRM jacketing, the
concrete surface was properly prepared by grinding the concrete sur-
face and creating a grid grooves. To avoid stress concentration, the two
Fig. 2. Schematic representation of diﬀerent strengthening conﬁgurations.
Fig. 3. Textiles used in this study: (a) light carbon-ﬁber textile; (b) heavy carbon-ﬁber textile; (c) glass-ﬁber textile; (d) basalt-ﬁber textile (dimensions in mm).
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bottom edges of each specimens were rounded (radius equal to 15 mm).
The ﬁrst 2 mm-thick mortar layer was applied on the (dampened)
concrete surface by using a smooth metal trowel. The ﬁrst layer of
textile was applied after the application of the ﬁrst mortar layer and
then pressed slightly into the mortar by hand pressure to fully immerse
the ﬁbre roving (Fig. 4b). A layer of mortar was then applied to com-
pletely cover the textile. The rest textile layers were applied by fol-
lowing the aforementioned procedure (Fig. 4c). It is very important in
this method to apply each layer of mortar while the previous layer is
still fresh.
2.3. Tensile tests in TRM coupons
Three (dumbbell) tensile coupons for each textile mesh material
with the geometry shown in Fig. 5a were prepared and tested at a
monotonic displacement rate of 0.02 mm/s to characterise the tensile
behaviour of the composite material. A universal testing machine of
200 kN load-capacity was used for conducting the uniaxial tensile
testing. Two LVDTs were attached on the coupon (one on each side) to
measure its axial deformation (Fig. 5b). The response of all TRM cou-
pons comprised three distinct stages:
(1) the specimen remains uncracked
(2) development of multiple cracks after the ﬁrst cracking occurs
(3) the cracking pattern has fully developed and the increase in re-
sistance is due to the textile itself until rupture of ﬁbres is observed.
Table 2 includes the mean values of ultimate tensile stress (ffu),
ultimate tensile strain (εfu) and the modulus of elasticity at the cracked
stage, Ef_TRM that is the secant modulus of elasticity of the 3rd branch of
the stress-strain curve. The modulus of elasticity of the TRM jacket,
Ef_TRM, for each beam is also included in Table 1.
2.4. Experimental setup and procedure
As shown in Fig. 6, the beams were tested under three-point bending
monotonic loading at a displacement rate of 0.02 mm/s using a stiﬀ
steel reaction frame. The load was applied using a 500 kN-capacity
servo-hydraulic actuator that was vertically positioned. An external
LVDT was used to measure the vertical displacement at the load ap-
plication position as illustrated in Fig. 6; the displacement measure-
ments from this LVDT was used in load versus displacement curves,
presented in Section 3. Moreover, the Digital Image Correlation (DIC)
method was also used to monitor the ﬁeld of displacements within
strengthening zone, using two high-resolution cameras.
3. Experimental results
The load versus displacement curves of all beams with a/d = 2.6
strengthened with carbon, glass and basalt TRM jackets are presented in
Fig. 7a–c, respectively, whereas the shear force versus displacements
curves of the beams with diﬀerent a/d ratios are included in Fig. 8a–c.
Table 3 includes:
(a) The ultimate load
(b) the displacement corresponding at the ultimate load
(c) the observed failure mode
(d) VR, which is the shear resistance of the critical shear span
(e) the contribution of the TRM jacket to the shear resistance of the
beam, Vf
(f) The increase in the shear capacity owing to TRM jacketing, Vf/
VR,con (%)
(g) the eﬀective strain of the TRM jacket, εeﬀ, (‰) which is deﬁned
using the following equation:
=ε V ρ E b d/( 0.9 )eff f f f TRM w (1)
It is worth mentioning that the calculation of Vf values and therefore
εeﬀ values has been based on the simpliﬁed hypothesis that the two
mechanisms of carrying forces (concrete contribution and jacket con-
tribution) are superimposed without considering any interaction be-
tween them. The interaction between mechanisms of carrying forces is
more pronounced when stirrups are used [55,56].
The control beam with a/d = 2.6 (CON) failed in shear at a peak
load of 51.8 kN, when a large shear crack opened in the critical shear
span. (Fig. 7a).
Specimens CH1 and CH2 reached an ultimate load of 78.2 and
120.2 kN, respectively, resulting in 50.8% and 132% shear capacity
increase. Failure of specimen CH1 was due to slippage of the ﬁbre
rovings through the mortar and rupture of the ﬁbres at the outer layer
of the roving along the shear crack (Fig. 9a). In specimen CH2 the TRM
jacket was debonded with part of concrete at a large area of the critical
shear span (Fig. 9b).
Specimens CL1, CL1_strips, CH1_CL1, CL3, CH2_CL1, CH3 and
Fig. 4. (a) Prepared concrete surface before strengthening; (b) impregnation of the textile
ﬁbres with mortar; (c) ﬁnal layer of mortar on the top of the ﬁnal textile layer.
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CH3_CL1 failed in shear at a peak load 102.3, 110.7, 117.4, 118, 129.3,
131.1 and 136.5 kN, respectively, which yields 97.3%, 113.5%, 132%,
127.6%, 149.5%, 152.9% and 163.3% shear capacity increase, respec-
tively. In all these beams TRM jacket was debonded from the concrete
substrate at the full-length of the shear span with part of the concrete
cover (Fig. 9c–i).
The peak load attained by specimens G1, G3, G7, B1, B3 and B7 was
73.2, 117.3, 144.3, 76.9, 114.9 and 135.4 kN, respectively, which
yields 41.1%, 124.6%, 178.5%, 48.5%, 121.5% and 161.3% increase in
the shear capacity, respectively. Failure of specimens G1 and B1 was
due to fracture of the textile ﬁbres crossing the shear crack (Fig. 10a
and d), whereas in specimens G3, G7, B3 and B7 TRM jacket was de-
bonded with part of the concrete cover (Fig. 10b–c, e–f).
The control beams with a/d = 1.6 and with a/d = 3.6 failed in
shear at an ultimate load of 88.4 and 62.2 kN, respectively. In specimen
CON_3.6 a large shear crack was formed at the critical shear span
(Fig. 11a) similar to the control specimen with a/d = 2.6. On the
contrary, specimen CON_1.6, with the smallest shear-span-to depth
ratio, failed in shear compression (Fig. 11b). Finally, specimens
CL1_1.6, CL3_1.6, CL1_3.6 and CL3_3.6 reached an ultimate load of
123.7, 142.7, 133.8 and 158.7 kN, respectively, resulting in 39.9%,
61.5%, 115.3% and 155.3% shear capacity increase, respectively. These
specimens failed in the same way with their counterpart specimens with
a/d = 2.6, namely full detachment of the jacket from the substrate
including part of the concrete cover. In specimen CL1_3.6, the de-
bonding was initiated at the load application position and progressed
towards the area below the shear crack (Fig. 11c), whereas in speci-
mens CL1_1.6, CL3_3.6 and CL3_1.6, the TRM jackets debonded at the
full-length of the shear span as shown in Fig. 11d–f, respectively.
4. Discussion
All beams failed in shear as designed and therefore the capacity of
all retroﬁtting conﬁgurations in increasing the shear resistance of the
beams was successfully evaluated. The results of this experimental
programme were examined in terms of shear capacity increase and
failure modes observed, revealing the following information for the
various parameters investigated in this study.
4.1. Eﬀect of external reinforcement ratio and axial rigidity
Fig. 12a–b plots the experimentally obtained eﬀective strains, εeﬀ,
against the ρf and ρf Ef_TRM values, respectively {ρf Ef_TRM values re-
present the axial rigidity of the strengthening layers (that constitutes an
important parameter [57,58]), because the width of all beams is the
same} for the beams retroﬁtted with carbon-ﬁbre TRM jackets. Results
from three FRP-retroﬁtted beams presented in Refs. [4,42] (having
identical geometry with the beams tested here), are also included in the
Fig. 5. Three-point bending test set-up of beams.
Table 2
Summary of TRM coupons results.
Light-weight
Carbon
Textile (CL)a
Heavy-weight
Carbon
Textile (CH)a
Glass
textile
(G)a
Basalt
textile
(B)a
Tensile strength, ffu
(MPa)
1501 (132) 1382 (115) 794 (86) 1188
(127)
Ultimate tensile strain,
εfu (%)
0.79 (0.095) 0.79 (0.069) 1.66
(0.13)
1.83
(0.11)
Modulus of elasticity of
cracked specimen,
Ef_TRM (GPa)
167.6 (21) 163.3 (16) 41.1 (5) 63.7 (8)
a Standard deviation in parenthesis.
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Fig. 6. (a) Geometry of TRM coupons; (b) test set-
up for tensile testing of TRM coupons; (c) stress
versus strain curves.
Fig. 7. Load versus vertical displacement curves for all tested specimens of 2.6 shear span-to-depth ratio.
Fig. 8. Shear force versus vertical displacement curves for all tested specimens of shear span-to-depth ratio equal to 1.6, 2.6 and 3.6.
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plot of Fig. 12a–b for comparisons. Also Table 4 includes all the im-
portant results of the three FRP-strengthened beams, presented in Refs.
[4,48]. From the comparison in Fig. 12a–b, it becomes evident that
TRM is as eﬀective as FRP jacketing in increasing the shear capacity of
concrete beams, when failure is associated to debonding of the jacket.
In speciﬁc, for this type of failure the trend of the experimental εeﬀ
values for TRM jackets is descending for increasing ρf Ef_TRM values,
which is in agreement with the typical behaviour of FRP jackets. As also
shown in Fig. 12b, TRM consisting of heavy-carbon ﬁbre textile is less
eﬀective than equivalent FRP system (in terms of ρf Ef_TRM) or TRM
consisting of light-carbon ﬁber textile, when premature failure due to
slippage of ﬁbres occurs.
Fig. 12c–d plots the experimental eﬀective strains versus, εeﬀ,
against the ρf and ρf Ef_TRM values, respectively for beams strengthened
with glass and basalt TRM U-shaped jackets. In case of low ρf Ef_TRM
values (ρf Ef_TRM<100 MPa), failure of specimens is associated with the
rupture of the ﬁbres (basalt or glass) in the TRM jackets, resulting in full
exploitation of the tensile capacity of the textiles. Increasing the ρf
Ef_TRM values, debonding failure was experienced (TRM jacket was de-
bonded with part of concrete cover). As in the case of carbon textiles,
the trend of the experimental εeﬀ values for glass and basalt TRM jackets
is also descending for increasing ρf values, when debonding of the
jacket was experienced.
4.2. Eﬀect of textile geometry
In this section the eﬀect of the geometry of the textile ﬁbre material
on the failure mode and performance of TRM jackets is studied. The
eﬀect of the textile geometry on the behaviour of specimens strength-
ened with equivalent (in terms of ρf) carbon TRM jackets is ﬁrst dis-
cussed, whereas the eﬀect on the failure mode of beams strengthened
with one TRM layer of diﬀerent textile material (carbon, glass and
basalt) follows next.
Specimens CL1_strips and CH1 had the same reinforcement ratio
(equal to 1.9‰), comprising TRM jackets with carbon textiles of dif-
ferent geometry (see Fig. 2). Following the same concept, specimens
CL3 and CH2 strengthened with correspondingly 3 and 2 layers of light
and heavy carbon textile, having the same reinforcement ratio
(ρf≈ 3.6‰). Fig. 13a and b depicts the mesh pattern of both heavy and
light carbon ﬁbre textiles, respectively. It can be observed that the
combination of wider rovings (4 mm) with smaller mesh size (8 mm) in
the light carbon textile (Fig. 13b), allows for a denser mesh-pattern
when compared to the heavy carbon textile with 3 mm-wide rovings
and 10 mm-mesh.
By comparing the results of specimens CH1 and CL1_strips, it is
shown that the geometry of the textile ﬁbre material has a strong eﬀect
on the failure mode and as a result on the shear capacity of beams in
case of low external reinforcement ratio (ρf≈ 1.9‰). As mentioned in
Section 3, specimen CH1 failed due to slippage of ﬁbres through the
mortar and rupture of ﬁbres at the outer layer of roving along the shear
crack contrary to the failure of specimen CL1_strips that was attributed
to debonding of the TRM jacket with part of concrete cover. The in-
crease in shear capacity of specimens CH1 and CL1_strips, was 50.8%
and 113.5%, respectively, whereas the eﬀective strains for specimens
Table 3
Summary of test results.
Specimen (a)
Peak load (kN)
(b)
Displacement
at peak load (mm)
(c)
Failure
mode
(d)
VR
(kN)
(e)
Vf
(kN)
(f)
Shear capacity
increase Vf,/VR,con (%)
(g)
εeﬀ (‰)
a/d = 2.6
CON 51.8 2.27 Tensile diagonal shear 29.7 – – –
CL1 102.3 3.77 D 58.6 28.9 97.3 8.73
CL1_strips 110.7 4.22 D 63.4 33.7 113.5 6.64
CH1 78.2 3.09 S 44.8 15.1 50.8 3.06
CH1_CL1 117.4 5.19 D 67.3 37.6 126.6 4.54
CH2 120.2 5.60 D 68.9 39.2 132.0 3.97
CL3 118 4.38 D 67.6 37.9 127.6 3.82
CH2_CL1 129.3 5.24 S 74.1 44.4 149.5 3.36
CH3 131.1 5.47 D 75.1 45.4 152.9 3.06
CH3_CL1 136.5 5.20 D 78.2 48.5 163.3 2.67
G1 73.2 2.59 FR 41.9 12.2 41.1 21.17
G3 117.3 4.09 D 67.2 37.0 124.6 21.41
G7 144.3 5.47 D 82.7 53 178.5 13.14
B1 76.9 3.16 FR 44.1 14.4 48.5 19.13
B3 114.9 4.38 D 65.8 36.1 121.5 15.98
B7 135.4 5.15 D 77.6 47.9 161.3 9.09
a/d = 1.6
CON_1.6 88.4 2.93 Shear compression 65.4 – – –
CL1_1.6 123.7 3.85 D 91.5 26.1 39.9 7.88
CL3_1.6 142.7 4.66 D 105.6 40.2 61.5 4.05
a/d = 3.6
CON_3.6 62.2 1.51 Tensile diagonal shear 25.5 – – –
CL1_3.6 133.8 4.91 D 54.9 29.4 115.3 8.88
CL3_3.6 158.7 5.92 D 65.1 39.6 155.3 3.99
D for debonding, S for slippage of the vertical ﬁbre rovings through the mortar and partial ﬁbres rupture, FR for Fracture of the jacket.
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Fig. 9. Failure modes of carbon TRM-retroﬁtted specimens of 2.6 shear span-to-depth ratio: (a) specimen CH1 – local damage of the jacket; (b) specimen CH2 – debonding of the jacket
over a large area of the shear span: peeling oﬀ of the concrete cover; (c)–(j) specimens CL1, CL1_strips, CH1_CL1, CL3, CH2_CL1, CH3_CL1 - abrupt debonding of the TRM jacket over the
whole area of the shear span: peeling oﬀ of the concrete cover.
Fig. 10. Failure modes of glass and basalt TRM-retroﬁtted specimens of 2.6 shear span-to-depth ratio: (a) specimen G1 - fracture of glass TRM jacket; (b)–(c) specimens G3 and G7 -
debonding of the glass TRM jacket over the whole area of the shear span: peeling oﬀ of the concrete cover; (d) specimen B1 - fracture of basalt TRM jacket; (e)–(f) specimens B3 and B7 -
debonding of the basalt TRM jacket over the whole area of the shear span: peeling oﬀ of the concrete cover.
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CH1 and CL1_strips were 3.06‰ and 6.64‰, respectively. Fig. 14a–d
depict ﬁeld of the vertical deformations of the TRM jackets at the in-
stant of ultimate load, obtained using DIC system. From Fig. 14a, it is
evident that in specimen CH1, the TRM jacket deformed only along the
main and secondary shear cracks, whereas the rest part of the jacket
was not activated. On the contrary, in specimen CL1_strips (Fig. 14b),
the distribution of deformations was better, indicating that the jacket
was activated over a broader area due to favourable redistribution of
stresses. The superior performance of the light carbon textile is possibly
associated with the better ﬁbres distribution along the shear span
(denser mesh-pattern of the textile), which in turn improves the me-
chanical interlock between the textile reinforcement and the matrix.
Specimens CH2 and CL3 both failed due to debonding of the TRM
jacket, with similar shear capacity increase (132% and 127.6%, re-
spectively). As shown in Fig. 14candd, in both specimens the vertical
deformations were distributed over a broad region of the shear span.
Thus, the increase of external reinforcement ratio, ρf (through the in-
crease of the number of layers), eliminated the eﬀect of the textile
geometry.
The results of specimens CL1, CH1, G1 and B1 shows that the per-
formance of the heavy-carbon ﬁbre textile was poor as its failure was
associated with slippage of the vertical ﬁbers through the mortar con-
trary to the rest textiles (light-carbon, glass and basalt) in which slip-
page of the ﬁbres through the mortar was not observed at the load level
that CH1 specimen failed. This could be attributed to the characteristics
of the roving in each textile. As shown in Fig. 13a–d, the area of one
roving in the direction of loading of the light-carbon, glass and basalt
textile is approximately 0.5 mm2, whereas the roving area in the heavy-
carbon textile is almost double (0.95 mm2). As a result, in textiles with
small roving area (Arov), the degree of impregnation of ﬁbres with
Fig. 11. Failure modes of specimens of 1.6 and 3.6 shear span-to-depth ratios: (a) specimen CON_3.6 - dominant shear crack; (b) specimen CON_1.6 - multiple shear cracks; (c) specimen
CL1_3.6 - debonding of the jacket at area below the shear crack: peeling oﬀ of the concrete cover; (d) specimen CL1_1.6 - debonding of the TRM jacket over the whole area of the shear
span: peeling oﬀ of the concrete cover; (e)–(f) specimens CL3_3.6 and CL3_1.6 - debonding of the TRM jacket over the whole area of the shear span: peeling oﬀ of the concrete cover.
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cement paste is higher, resulting in improved bond characteristics. On
the other hand, textiles with bigger roving size are more prone to
slippage of the ﬁbre rovings through the matrix, unless they are coated,
as in the case of the basalt textile used in this study.
4.3. Eﬀect of shear span-to-depth ratio (a/d)
Fig. 15 illustrates the eﬀect of the shear span-to-depth ratio (a/d) on
the shear resistance of the unretroﬁtted specimens, VR,con. It is well-
known that increasing the a/d ratio the shear resistance decreases; this
was also veriﬁed in this study, as shown in Fig. 15. This behaviour is
explained through the diﬀerent load-carrying mechanisms in each case.
In speciﬁc, the arch action is the dominant mechanism of shear re-
sistance in unretroﬁtted beams with low a/d ratio (i.e. a/d = 1.6, deep
beams), whereas beam action (truss analogy mechanism) is developed
in beams of high shear span-to-depth ratios (a/d = 2.6 and 3.6).
A comparison between specimens CL1_1.6, CL3_1.6, CL1, CL3,
CL1_3.6 and CL3_3.6 shows that the a/d ratio had no eﬀect on the
failure mode of specimens strengthened with the same TRM jackets. All
specimens failed due to debonding of the TRM jacket with peeling oﬀ of
the concrete cover. In speciﬁc, when 3 TRM layers were applied in
specimens of any a/d ratio, the part of concrete that peeled oﬀ from the
substrate was thicker with respect to the specimens strengthened with 1
TRM layer (Fig. 11c–f). Fig. 16 presents images of the in-plane vertical
deformations of the TRM jackets in beams of diﬀerent shear spans,
obtained through DIC measurements at the instant of peak load. In
general, vertical deformations of TRM jackets with both 1 and 3 light-
carbon TRM layers were distributed over a broad area of the shear span
for all beams of diﬀerent shear a/d ratios as a result of the good me-
chanical interlocking characteristics and the small roving size of the
light carbon textile.
Fig. 17a illustrates the eﬀect of the a/d ratio on the contribution of
the jacket to the total shear capacity, Vf, for two diﬀerent external re-
inforcement ratios (ρf = 1.2‰ and ρf = 3.6‰). The a/d ratio has
practically no eﬀect on the Vf values for TRM jackets regardless the
external reinforcement ratio. Fig. 17b illustrates the eﬀect of the a/d
ratio on the shear capacity enhancement (Vf/VR,con × 100%) for two
diﬀerent external reinforcement ratios (ρf = 1.2‰ and ρf =3.6‰). The
shear capacity enhancement considerably increases with a/d. This is
attributed to the reduced shear resistance of the unretroﬁtted specimens
when increasing the a/d ratio (Fig. 15).
5. Comparison between experimental results and analytical
models
Based on the results of this paper and previous studies of the
Fig. 12. Experimentally obtained eﬀective strains versus ρf values and ρf Ef_TRM values for specimens strengthened with carbon TRM and FRP U-jackets (a–b) and specimens strengthened
with glass and basalt TRM U-jackets (c–d).
Table 4
Summary of FRP-strengthened specimens results.
Specimen ρf (‰) Ef (GPa) Ef_ FRP
(GPa)
Ultimate tensile strain, εfu (%) Ultimate tensile strength, ffu (MPa) Peak Load (kN) Vf (kN) εeﬀ (‰)
CH1_Ra 1.9 225 200.7 1.261 2788.4 113.4 35.3 5.81
CH2_Ra 3.7 225 200.7 1.261 2788.4 126.2 42.6 3.51
CH3_Rb 5.6 225 200.7 1.261 2788.4 139.0 49.9 2.74
a Specimens included in Tetta et al. 2015 [28].
b Specimen included in Tetta and Bournas 2016 [4].
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authors, TRM jackets are as eﬀective as FRP jackets when local damage
of the TRM jackets (slippage of vertical ﬁbres through the mortar and
rupture of the outer ﬁbres of the roving along the shear crack) is pre-
vented and failure is attributed to debonding of the TRM jacket.
Therefore, the formulas that have been developed so far for predicting
the shear contribution of FRP U-jackets, Vf, to the total shear resistance
of beams, could be also used for TRM jackets when failure is due to
debonding. Three diﬀerent models, namely those of Triantaﬁllou and
Antonopoulos (2000), [59] (provisions of ﬁb 2001 [60] are based on
this model), Chen and Teng (2003), [61] (the Australian guidelines
provisions, CIDAR (CT) Design Proposal (2006) [62] are based on this
model) and Monti and Liotta (2007), [63] (the Italian guidelines pro-
visions, CNR Design Proposal (2004) [64] are based on this model)
were used for the prediction of Vf values for both TRM and FRP jackets.
The results are presented in Table 5, and are supported by Fig. 18. The
methodology to estimate the FRP or TRM contribution in shear, Vf,
according to each of the aforementioned models is brieﬂy presented in
the Appendix. The modulus of elasticity of ﬁbres, Ef, (Table 1), was used
in these calculations.
The comparison between the experimental and predicted Vf values
is presented in Table 5 (using θ= 45° and β= 90°) for specimens failed
due to debonding of the TRM or FRP jacket. The model of Triantaﬁllou
Fig. 13. Textile properties and geometry of roving in: (a) heavy carbon textile; (b) light carbon textile; (c) glass textile and (d) basalt textile.
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and Antonopoulos (2000) is not applicable for specimens reinforced by
either glass or basalt TRM jackets. In general, all three models under-
estimate the Vf values, and therefore they give conservative predictions.
The models of Chen and Teng (2003) and Monti and Liotta (2007), that
are applicable for glass and basalt TRM jackets, considerably under-
estimate the contribution of glass and basalt TRM jackets.
In particular, the model of Chen and Teng (2003) is the best in terms
of average ratio of predicted to experimental peak load (Vf,pre/
Vf,exp = 0.741); it has however a coeﬃcient of variation (CoV) value
equal to 16.9%. The model of Triantaﬁllou and Antonopoulos (2000) is
the 2nd best among the three, with Vf,pre/Vf,exp equal to 0.715 but is has
the lowest CoV = 12%, whereas model of Monti and Liotta (2007) has
Vf,pre/Vf,exp = 0.598 and CoV = 18.6%. When only the carbon ﬁbre
textiles are considered, the Chen and Teng (2003) is the best both terms
of average ratio of Vf,pre/Vf,exp = 0.801 and CoV = 8.98%, followed by
that of Triantaﬁllou and Antonopoulos (2000, corresponding values as
above) and that of Monti and Liotta (2007) with corresponding values
of 0.648 and 9.52%, respectively.
6. Conclusions
In this paper the eﬀectiveness of U-shaped TRM jackets for
strengthening in shear rectangular concrete beams was experimentally
investigated, including the following parameters: the amount of ex-
ternal TRM reinforcement ratio (ρf) using three diﬀerent textile mate-
rials (carbon, glass and basalt), the textile geometry and the shear span-
to-depth ratio (a/d) in RC rectangular beams strengthened in shear with
U-shaped TRM jackets. For this purpose, 22 shear-deﬁcient beams were
tested under monotonic three-point loading. The primary conclusions of
this paper are summarized as follows:
• Carbon TRM U-jackets are as eﬀective as carbon FRP U-jackets in
increasing the shear capacity of beams, when failure is attributed to
full debonding of the jacket with part of the concrete cover attached
to it.
• The experimental eﬀective strain values, εeﬀ, for carbon, glass or
basalt TRM jackets are generally decreasing for increasing axial ri-
gidity (ρf Ef_TRM), when failure is associated with debonding of the
TRM jacket, which is in agreement with the typical behaviour of
FRP jackets.
• In case of low ρf Ef_TRM value, diﬀerent carbon ﬁbre textile geome-
tries having the same ρf Ef_TRM value result in diﬀerent load increase
and failure mode. The eﬀect of the geometry of the textile ﬁbre
material is drastically mitigated by increasing the ρf Ef_TRM value.
• The textile roving geometry aﬀects the performance of TRM jackets
in case of low axial rigidity. In particular, textiles with smaller
roving area arranged in a denser pattern result in better bond
characteristics between the textile and the mortar, and hence im-
proved eﬃciency.
• The shear span-to-depth ratio has no eﬀect on both the failure mode
and the contribution of the jacket to the total shear resistance of the
beams.
Future research could be directed towards developing a reliable
design approach for the contribution of TRM jackets to the shear ca-
pacity of concrete beams.
Fig. 14. Field of vertical axis deformations in the
critical shear span of TRM-retroﬁtted specimens:
(a) CH1; (b) CL1_strips; (c) CH2; (d) CL3 at the
instant of peak load.
Fig. 15. Eﬀect of shear span-to-depth ratio on the shear resistance of the control spe-
cimen.
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Fig. 16. Field of vertical axis deformations in the critical shear span of TRM-retroﬁtted specimens: (a) CL1_1.6; (b) CL3_3.6; (c) CL1; (d) CL3; (e) CL1_1.6; (f) CL3_3.6 at the instant of peak
load.
Fig. 17. Eﬀect of shear span-to-depth ratio on: (a) the contribution of the jacket to the total shear resistance, Vf; (b) the shear capacity enhancement, Vf/VR,con (%).
Table 5
Comparison between experimental and predicted Vf values.
Analytical Results
Triantaﬁllou and Antonopoulos
(2000)
Chen and Teng (2003) Monti and Liotta (2007)
Vf,exp (kN) Vf,pre
(kN)
Vf,pre/
Vf,exp
Vf,pre
(kN)
Vf,pre/
Vf,exp
Vf,pre
(kN)
Vf,pre/
Vf,exp
CL1 28.9 16.5 0.570 21.8 0.755 18.1 0.625
CL1_strips 33.7 22.1 0.655 25.2 0.748 19.5 0.578
CL1_CH1 37.6 27.5 0.731 30.5 0.811 23.6 0.628
CH2 39.2 31.9 0.814 34.5 0.881 29.9 0.762
CL3 37.9 30.1 0.793 32.8 0.866 27.3 0.720
CL1_CH2 44.4 33.9 0.763 36.0 0.811 28.0 0.630
CH3 45.4 37.4 0.824 39.0 0.860 34.7 0.763
CL1_CH3 48.5 39.0 0.804 39.7 0.819 30.9 0.637
G3 37 NA NA 18.0 0.485 13.9 0.375
G7 53 NA NA 25.7 0.485 19.9 0.375
B3 36.1 NA NA 18.8 0.521 15.5 0.429
(continued on next page)
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Appendix
Vf calculation methodology
1. Triantaﬁllou and Antonopoulos (2000)
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Fig. 18. Experimental versus analytical Vf values.
Table 5 (continued)
Analytical Results
Triantaﬁllou and Antonopoulos
(2000)
Chen and Teng (2003) Monti and Liotta (2007)
Vf,exp (kN) Vf,pre
(kN)
Vf,pre/
Vf,exp
Vf,pre
(kN)
Vf,pre/
Vf,exp
Vf,pre
(kN)
Vf,pre/
Vf,exp
B7 47.9 NA NA 27.0 0.563 22.4 0.467
CL1_1.6 26.1 16.1 0.615 21.0 0.805 16.2 0.619
CL3_1.6 40.2 29.7 0.740 32.5 0.809 25.1 0.623
CL1_3.6 29.4 16.1 0.546 21.0 0.715 16.2 0.550
CL3_3.6 39.6 29.7 0.751 32.5 0.822 25.1 0.633
CH1_R 35.3 22.5 0.636 26.4 0.747 22.5 0.638
CH2_R 42.6 31.9 0.749 34.5 0.811 29.9 0.701
CH3_R 49.9 36.3 0.727 37.9 0.760 30.5 0.611
Mean 0.715 0.741 0.598
CoV (%) 12.0 16.9 18.6
Average absolute error % 28.5 25.9 40.2
Mean for carbon ﬁbre textiles 0.715 0.801 0.648
CoV (%) for carbon ﬁbre textiles 12.0 5.98 9.52
Average absolute error % 28.5 19.9 35.2
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Notation
Arov roving area
Df Stress distribution factor
Ef Modulus of elasticity of the ﬁbers
Ef_FRP Modulus of elasticity of the FRP specimen
Ef_TRM Modulus of elasticity of the cracked TRM specimen
Lb Available bond length
Le Eﬀective bond length
Lmax Available bond length
Vf Contribution of strengthening to the shear capacity of the beam
VR Shear force in the critical span at peak load
VR,con Shear resistance of the control specimen
VR,str Shear resistance of the strengthened specimen
bw Width of the beam
d Eﬀective depth of the section
dfb Bottom end of the eﬀective (TRM or FRP jacket)
dft Coordinate of the top end of the eﬀective (TRM or FRP jacket)
fc Compressive strength of concrete
fct Tensile splitting strength of concrete
ffdd Design value for the FRP or TRM debonding stress
ffdd(Lb) Reduced design value for the FRP or TRM debonding stress
ffed Design value for the FRP or TRM eﬀective stress
ffed,max Maximum design stress in FRP or TRM
ffu Ultimate strength of TRM or FRP jacket
hfe Eﬀective height of the bonded reinforcement
hw Height of T-beam's web
kb Covering/scale coeﬃcient
t Nominal thickness of the textile
trov Roving thickness
Γfk Speciﬁc fracture energy
Z.C. Tetta et al. Composites Part B 137 (2018) 184–201
199
β Fibre angle direction with respect to the longitudinal axis of the beam
βl Bond length coeﬃcient
βw Strip width coeﬃcient
εeﬀ Eﬀective strain
εfu Ultimate tensile strain
θ Angle between the shear crack and the axis of the beam
λ Normalized maximum bond length
ρf Geometrical reinforcement ratio of the composite material which is expressed as 2tf/bw
φR Reduction factor due to local stress in corners
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